Large eddy simulation (LES) is employed for prediction and analysis of entropy generation in turbulent combustion. The entropy transport equation is considered in LES. This equation contains unclosed entropy generation terms due to irreversible processes: heat conduction, mass diffusion, chemical reaction and viscous dissipation. The subgrid scale (SGS) closure of these terms is provided by a methodology termed the entropy filtered density function (En-FDF), which contains complete statistical information about SGS variation of scalars and entropy. In the En-FDF, the effects of chemical reaction and its entropy generation appear in closed forms. This methodology is used for LES of a nonpremixed jet flame.
Improved energy efficiency is a key objective in development of modern energy systems. To achieve optimum efficiency in energy conversion it is essential to minimize the irreversible losses in the system. In practice, transport processes are always accompanied by irreversible losses, causing destruction of exergy (availability) of the working-fluid and thus decreased energy efficiency, from the second law of thermodynamics standpoint [1] . The rate of exergy destruction due to irreversibilities is characterized in terms of entropy generation according to the Gouy-Stodola theorem, [2, 3] , where I D , T 0 and S g denote the rate of exergy destruction (also known as lost power), ambient (dead state) temperature and entropy generation rate, respectively. Therefore, increasing the energy efficiency relies on reducing the overall exergy destruction which depends on minimization of entropy generated within the system [4] [5] [6] [7] [8] [9] . During the past several decades the second-law analysis has been the subject of broad investigations. A system-level analysis, often termed exergy analysis, is used to obtain the net rate of exergy destruction [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Alternatively, analysis of local generation of entropy reveals the specific agents contributing to irreversible losses. Such analysis applied to laminar flows has been the subject of many studies.
Teng et al. [24] derived the entropy transport equation to determine the rate of local entropy generation in multicomponent laminar reacting flows. Datta & Som [18] considered energy and exergy balance in a gas turbine combustor. Datta [25] conducted entropy generation analysis of a laminar diffusion flame. Nishida et al. [26] considered premixed and diffusion flames and identified important entropy generation and exergy loss mechanisms. Datta [27] studied the effect of gravity on structure and generation of entropy in confined laminar diffusion flames. Shuja et al. [28] studied the influence of inlet velocity profile on efficiency of heat transfer in a laminar jet.
flame. Sciacovelli & Verda [30] used entropy generation minimization technique for design modifications in a tubular solid oxide fuel cell. Jiang et al. [31] presented an analysis of entropy generation in a hydrogen/air premixed micro-combustor with baffles and Rana et al. [32] studied the exergy transfer and destruction due to premixed combustion in a heat recirculating micro-combustor.
In turbulent flows, there has been several studies on entropy generation via direct numerical simulation (DNS). Okong'o & Bellan [33] [34] [35] Kock & Herwig [41] provided wall functions for entropy production and performed analysis of entropy generation due to fluid flow and heat transfer in near wall region of a pipe. Yapıcı et al. [42] performed local entropy generation in a methane-air burner.
Herwig & Kock [43] used entropy generation as a tool for evaluating heat transfer performance in a turbulent shear flow. Stanciu et al. [44] studied the influence of swirl 2 angle on the irreversibility in a turbulent diffusion flame and Emadi & Emami [45] studied entropy generation in a turbulent hydrogen enriched methane/air bluff-body flame. Despite the benefits of large eddy simulation (LES) in turbulence modeling, its application for entropy generation analysis has been very limited because of challenges to subgrid scale (SGS) modeling of the unclosed irreversibility effects. An effective strategy for modeling of SGS effects is the filtered density function (FDF) methodology [46, 47] . This methodology has been the subject of extensive previous contributions [48] [49] [50] [51] [52] [53] [54] [55] [56] [57] [58] [59] [60] . In recent works [61, 62] , a FDF-based methodology, termed the entropy FDF (En-FDF) has been introduced which allows LES prediction of entropy transport and generation in turbulent reacting flows. In this study, the marginal form of this methodology [62] is considered which contains the complete statistical information on entropy and scalar fields and thus, accounts for individual entropy generation effects in turbulent reacting flows. The En-FDF is applied to predict a nonpremixed methane jet flame (Sandia Flame D) [63] . The objectives of the present study are to assess the accuracy of the En-FDF and to demonstrate its effectiveness for prediction and analysis of entropy generation in turbulent reacting flows.
Mathematical modeling
We consider the compressible form of the continuity, Navier-Stokes, energy (enthalpy), mass fraction and entropy transport equations in low Mach number flows.
Along with the ideal gas equation of state, these equations describe transport of fluid density ρ(x, t), the velocity vector u i (x, t), the pressure p(x, t), the specific enthalpy h(x, t), mass fraction of species Y α (x, t) (α = 1, . . . , N s ) and the specific entropy s(x, t).
Large eddy simulation involves the use of filtering operation
where ⟨Q⟩ is the filtered variable and G is the filter function with characteristic width ∆. We consider the filter functions which is spatially invariant, localized and symmetric with
We assume existence of all moments
. In compressible flows we use the Favre filter variable ⟨Q⟩ L = ⟨ρ Q⟩ / ⟨ρ⟩.
Applying the filtering operation to the transport equations we obtain
where R α , X α , µ α and S α are gas constant, mole fraction, specific chemical potential and chemical reaction source term for species α, respectively. Variables T and c p denote the temperature and the specific heat capacity at constant pressure for the mixture; γ denotes the thermal and mass molecular diffusivity coefficients for all the scalars. We assume unity Lewis number and we set the molecular Schmidt (and Prandtl) number as S c = Pr = 0.75. We use the scalar array φ = [φ 1 , . . . , φ N s +1 ] to represent mass fraction and enthalpy in a common form with φ α ≡ Y α for α = 1, . . . , N s and φ N s +1 ≡ h. In these equations, we employ Fourier's law of heat conduction and Fick's law of diffusion and we assume a Newtonian fluid with the molecular stress
δ i j where µ denotes the molecular viscosity which is proportional to T 0.7 . Equation (5) is the filtered entropy transport equation [64] . The irreversible generation of entropy in this equation is described by the last four terms 4 which correspond to viscous dissipation S g V , heat conduction S g H , mass diffusion S g M and chemical reaction S g C , respectively. According to the second law of thermodynamics, the modeled filtered entropy generation terms must be positive semidefinite. The closure problem in Eqs. (2-5) is associated with unclosed SGS entropy flux
In addition, the filtered chemical reaction source term (the last term on the RHS of Eq. (4)) and the entropy generation terms (the last four term on the RHS of Eq. (5)) appear in unclosed forms. For modeling of SGS stress tensor we employ the Modified Kinetic Energy Viscosity (MKEV)
closure [49] . To represent the scalar and entropy flux terms we use γ t = ν t /S c t , where the SGS viscosity ν t is described by MKEV and the turbulent Schmidt (and Prandtl)
number is S c t = 0.75.
The closure of chemical reaction source term and the entropy generation effects is
provided by the En-FDF methodology, denoted by F en φ ,ŝ, x; t . The En-FDF contains complete statistical information about scalar and entropy fields and is formally defined as
where
is the fine-grained density [65] ; δ denotes the Dirac delta function. The sample space variablesφ andŝ correspond to scalar array and entropy, respectively. The marginal 5 En-FDF is governed by an exact transport equation
where ⟨|⟩ denotes the conditional filtered values [54] . 
where The variable W i denote the Wiener-Lévy processes [66] . These equations include the linear mean square estimation (LMSE) [65] with model parameter C φ = 8 according to previous work [52] . The SGS mixing frequency Ω is expressed as Ω = (γ + γ t ) / ⟨ρ⟩ ∆ 2 [49] , where γ t denotes the SGS diffusivity. The LMSE model pa-6 rameter C φ = 8 is set consistent with previous work [52] . The term ϵ t denotes the total rate of turbulent dissipation, including both SGS and resolved contributions,
where k = τ(u i , u i )/2 denotes the SGS kinetic energy. The Fokker-Planck equation conjugate to the system of SDEs constitutes the modeled En-FDF transport equation
[62]
The modeled filtered entropy transport equation is the first moment obtained by multiplying this equation by entropy and integrating over scalar, entropy sample space.
We obtain
where g α is the specific Gibbs free energy. Comparing this equation and the exact entropy transport equation (Eq. (5)) gives the closure of all entropy generation modes 7 as implied by the En-FDF
The 
Flow configuration and numerical specifications
The flow configuration is the turbulent nonpremixed piloted methane jet flame (Sandia Flame D) [63] . The flame consists of a jet with the composition of 25% methane and 75% air by volume. The fuel nozzle is placed in a coflow of air and the flame is stabilized by a substantial pilot. The Reynolds number for the main jet is Re = 22, 400 based on the nozzle diameter D = 7.2 mm and the bulk jet velocity 49.6 m/s. All details regarding this flame is available on the web [68] . As the flame operates near equilibrium, the combustion chemistry is implemented using the flamelet concept [69] . In [74] . As shown in Fig. 1 , the resolved and total RMS values of the entropy are also in good agreements with the data at both locations. Similar agreement is observed at other axial locations.
The instantaneous generation of entropy in various regions of the flame is depicted in Fig. 2 . The entropy generation contours are overlaid on temperature iso-surfaces.
The region close to the nozzle is dominated by the molecular diffusion and the flow resembles a laminar jet. Farther downstream, the growth of perturbations causes for-mation of large-scale coherent structures and the flow becomes fully turbulent. As evidenced in this figure, near the nozzle the main cause of entropy generation is large gradients in the inner (jet/pilot) and the outer (pilot/coflow) shear layers. As the jet develops downstream, the entropy generation shows increased spread and peak values.
In turbulent regions, entropy is produced because of the dissipation associated with turbulent mixing. The average entropy generation occurring in this flow is illustrated in Fig. 3 influence of this parameter on the filtered quantities in this flame [56] . For mass dif-fusion and heat conduction, although this parameter appears explicitly in the En-FDF representation of these terms (Eq. (13)), but an increase in C φ causes faster decay of the second order moments. As a results, the corresponding filtered entropy generation remains mostly insensitive to this constant. As shown, the overall entropy generation is also almost independent of C φ .
The Table 1 for various inflow velocity RMS values. The total exergy destruction indicates the loss of availability (work-producing capacity) of the fluid exiting the domain. The last column corresponds to the second law efficiency, defined as the ratio of available energy to exergy influx at the inlet
× 100, where e xin is the rate of exergy influx at the inlet, S g is the mean filtered total entropy generation and T 0 = 291 K is the dead state temperature. All entropy generation effects show increased values with higher turbulence intensity. As a result, the second law efficiency decreases significantly from 92.2% to 79.8%, which indicates that the exergy of the outflowing fluid decreases due to increased irreversible losses at higher turbulence intensities. 
